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AN INVESTIGATION OF THE HIGH-TEMPERATURE PROPERTIES
OF CHRCMIUM—BASE ALIOYS AT 1350° F

By J. W. Freeman, E. E. Reynolds, and A. E. White
. SUMMARY

One of the objectives in the metallurgical research on heat—
resisting metals for gas turbines has been the development of alloys
which could operate at high temperatures under stresses similar to those
permissible at room temperature. Data are presented in this report for
alloys that come nearer to this objective at 1350° F than for any other
alloys. Chromium-base alloys were tested which had rupture strengths as
high as 73,000 and 54,500 psi, respectively, for fracture in 1CO and
1000 hours. The highest similar values published for other alloys are
in the order of 50,000 and 40,000 ps&i.

The chromium—base alloys have certain rather severe limitations in
thelr present state of development. ' The most serious are brittlenesa at
room temperature and the necegsity for melting and casting under high
vacuum to avold the detrimental effects from the oxygen and nitrogen in
alr. Considersble progress has been made in overcoming these difficul-
ties, and further improvement seems guite possible.

At the present time the most promising chromivm-base alloy at
1350° F for buckets for gas turbines appears to be 60Cr—25Fe—15Mo with
less than 0.05 percent carbon and from 0.5 to 0.7 percent silicon. This
alloy can be machined and fabricated, with care, in the normel menner,
and techniques have been worked out for casting buckets. The rupture
strengths of this particular znalysis are not the highest possible from
chromivm-base alloys. The higher molybdenum alloys have higher strength
but have inferlior engineering characteristics at room temperature.

'INTRODUCTION

In the various research programs on alloys for gas turbines con—
ducted in this country during the last 5 years, a primery objective has
been the discovery of an alloy with sufficient resistance to the weskening
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effect of heat to permit operating stresses of the same order possible at
room temperatures. It seemed reasonsbly certain that none of the alloy
systems evailable at the start of these programs could be mndified to
meet this requirement. Consegquently, a number of studies were inltlated
to develop alloys based on an entirely new element. One of the mpst
promising alloy systems, from both theoretical and practical considera-
tione, Ilnvolved the metal chromium as a base.

Alloys of this type were made available after e well-executed
resegrch progrem by the Climex Molybdenum Company under sponsorship of
the OSRD (ProJject NRC-8). Certain chromium-base alloys were found to
have exceptionally high rupture strength at 1600° F, although they were
notably lacking in some other engineering properties such as toughness
at room terperature. Consideration of the characteristics of these al-
loys together with the fact that most current gas turbines involved oper-
ation at metal temperstures below 1500° F indicated that it would be
dssirable to determine whether certain of the alloys might be outstanding
at 1350 F,

The alloys included were to be selected Jointly by representatives
of the Climax Molybdenum Company and the University of Michigan. The
alloy considered most promising contained 60 percent chromium, 25 percent
iron, and 15 percent molybdenum. This particular analysis was selscted
because 1t was probably the strongest alloy with adequate properties for
fabricetion at room temperature. Adeguate fabrication characteristics
meant that the alloy was machinable and could be handled, with sufficient
care, wlth a reasonable certainty that buckets could be made and installed
in a gas turbine. It was recognized that other alloyd containling more
molybdenum probably wonld be stronger, but were considered too brittle
for possible bucket use with current wheel fabricating technigues. Survey
tests were made on other combinations of -these elements within the range
of machinable alloys in the sysiem.

The rupture tests were performed gt the University of Michigan under
the sponsorshlp and with the financlal assistance of the National Advisory
Committee for Aeronautics. The casting and machining of sulteble test
specimens was performed by the Climax Molybdﬁnum Compeny under the ausplces
of Project NRC-8 of OSRD.

TEST MATERTALS

The chemicel composition of the alloys studied are given in taeble I
ag reported by the alloy producer. The five following basglc compositions
weore included: -
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60Cr~30Fe—1CMo
65Cr—25Fe—1CMo
50Cr—35Fe—15Mo
60Cr—25Fe—15Mo
55Cr—-25Fe—20Mo

Most of the work was concentrated on seven heats of the 60Cr—25Fe--15Mo
alloy with carbon and silicon contents as variables. Two heets of 60Cr—
30Fe—1CMd> and only cne heat each of the other alloys were considered.

The elloys were prepared in the Climex Molybdenum leboratory. Small
experimental heats were vacuum melted end cast into bars of approximately
specimen size. These bars were machined to the final size and furnished
as 0.160-inch—diameter specimens with a l—-inch gage length. -

A1l the heats were btested in the as—cast form. Specimens of four
heats of the 60Cr—25Fe—15Mo alloy were prepared to show the effect of
aging treatments on the properties of thils slloy. The aging treatments
Were either 90 hours at 1600° F or 50 hours at 1800° F in a vacuum fur—
nace as shown in table I.

FROCEDURE

oThe investigation was limited in sccpe to the evaluation of the _
1350 F rupturé properties of the five chromium~base alloys on the basis
of only a very few tests on each alloy. If the properties of an alloy
did not eppear promising, no further tests were run as in the case of the
60Cr—30Fe—10Mo alloys. On other of the alloys, specimens sufficient for
only one or two rupture tests were available; therefore, in most cases
only two points were obtained for the curve of stress against rupture
time,

Single—specimen—type rupture units, applying stress to the specimen
by & simple beam through a system of knife edges, were used. The speci—
mens were held at the test temperature for approximately 24 hours before
applying the load, during which time the tempsraturs distribution over
the specimen was adjusted. Time—elongation date were obtained by meas—
uring the drop of the beam during ths test.

Because of the extreme room—temperature brittleness of some of the
specimens, great care had to be exercised in placing the specimen into '
the rupture—test unit. Ordinary gege marks could not be used and total
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elongetions were measured between the shoulders of the specimens. The
high strength of the test materials and the comparatively low strength of
availaeble adapter materials caused trouble in successfully completing the
tests.

Samples of the original casting and the completed rupture test spec—
imens were exemined metallographically. Photomicrographs at 100 and 10CO
megnifications were teken of some of the materials. Electrolytic chromic
acid was used as an etchant on all the metallographic specimens.

Vickers hardness tests were made on the metallographic samples of
the original material and the completed rupture test specimens.

RESULTS

The characteristics of the alloys in the rupture test at 1350° F are
shown by the date in tebles I and II and by the usual leg-log plots of
strees againet rupture time in figure 1. Comparative data for the cobalt—
base alloy 422-19 are included in table II and figure 2. Falrly complete
rupture—time curves were cbtained for the strongest two alloys, 55Cr—25Fe—
20Mo and 60Cr-25Fe—15Mo. The comparative values of rupture strength and
ductility for the other slloys were based on extrapolations which are be~—
lieved to be fairly reliable.

There was a dlstinct strength difference between the five groups of
elloys. The 100-hour rupture strengths ranged from 43,000 psi for the
60Cr—30Fe—1CMo alloy up to 73,000 psi for the 55Cr-25Fe—2CMo alloys 1000—
hour rupture strengths ranged up to 54,500 psi for the strongest alloy,
55Cr-25Fe—2CMo. The low-carbon and high—silicon 60Cr-25Fe--15Mo had the
highest strength of the various modifications of this alloy and had prop—-
erties almost ag high as the 55Cr-25Fe—2CMo alloy. ’

The ductility of the chromium—base alleoys in the rupture tests was
good, For the lower strength alloys elongations ranged from 10 to L8
percent; while it was not so high for the higher strength alloys, ranging
from &k to 19 percent.

The tests on the heat-treated specimens were not conclusive. Frema—
ture fracture occurred in the threaded ends of the specimens in all but
one case. The one successful test, specimen 655-2HT of the 60Cr-25Fe—
leonzgilysis, indicated that the heat treatment slightly lowered rupture
atre . '

The time—elongetion curves for the tests showed either decreasing
creep rates over the duration of the tests, or a period of decreasing
rate followed by a congtant rate until fracture occurred. The curves for
the strongest two alloys are shown in figures 3 and U4 as typical exemples
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of the deformation charecteristics of the alloys. The disagreemsnt be—: .
tween the total elongation values from the strain readings and measure—
ments after fracture is dus to two possible causes. The total elongation
after fracture could be in error by 2 or 3 percent bscause of inherent
inaccuracy of meking such measuremsnts between shoulders without gage
marks. Considerable error could have been introduced in the time—elonga—
tion date through creep in the adapter systen.

The alloys containing 15 and 20 percent molybdenum develuped ex—
tremely high hardness during testing. The data in table I show values
for theme alloys as high as 600 or 700 Vickers Brinell. The alloya con~
talning 10 percent molybdenum did not harden nearly so much.

Photomicrographs of the original material and the longer time rup—
ture specimens of each group of alloys are shown in figures 5 through 9.
A1l the original materials had similer solid—soluticn structures with
scme excess constituent in the grain boundaries. Precipitation had oc—
curred 1n all the rupture specimens, although there was a marked degree
of difference in the amount. of precipitabte in the different alloys. The
time of the test was an important factor in that the amount of precipi-
tate probably increesed with testing time. It appears, however, that
the alloys with 10 percent molybdenum did not tend to precipitate to so
marked a degree as the higher molybdenum alloys. Increasing the carbon
and silicon content of the 60Cr—25Fe—15Mo alloy resulted in more precip—
itated phase during rupture testing. The 55Cr—25Fe—2CMo alloy, the
strongest of the materials tested, had a precipltate which appeared to be
finer and seemed to occur along definite planes in the grains as string—
ers in contrast with the spheroidal type of precipitate occurring in the
other alloys. . -

Only one hsat~treated specimen was exemined metallographically.
The 90 hours at 1600° F resulted in elightly larger particles of the pre~
cipitated constituent in the 655-2HT specimen thsn in the as—cast 655
specimen.

DISCUSSION OF RESULTS

The rupture strengths, indicated by the data from this investigation,
for the 55Cr—25Fe—2CMo and the 60Cr-25Fe—15Mo alloys, are much higher then
published values for any other alloy at 1350° F, The rupture strengths in
table II for alloy 422-19 were the highest known at the time this work was
started. The 47,000-psi stress for rupture in 100 hours for alloy L2219
is to be contrasted with an estimated value of T3 ,000 pei for the 55Cr—
25Fe—20Mo elloy. The comparative curves of stress against rupture time
for the cobalt~ and chromium—base alloys in figure 2 show that the high
strength of the latter is maintained for long time periods. -
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These high rupture strengths for the chromium-base alloys should be
considered primarily as sultable proof that the further development of
these aelloys is Justified. The elloys used 1n this Investigation are
certainly not the strongest known in the system. Data at 1600° F (see
references 1 and 2) indicated considerably higher strengths for a
60Cr-15Fe-25Mo alloy. A4lloys with more them 20 percent molybdenum were
not included in this Investigation, however, because of their brittleness
av room temperature end the necessity to grind rather than machine.

The production of even the 15-percent-molybdsenum alloys at the pres-
ent time ie little more than a laboratory art in spite of the tremendous
advances of the last few years. The Climex Molybdenum Company did deron-
strate, however, that it was feasible to cast buckets and prepare them
for installation in a turbine rotor. The major difficulty in melting
and casting ia that only very small heats can be made because of the ex-~
tremely high vacuum nesded for deoxldation and for prevention of contam-
ination from nitrogen in air. Considerable care must be exercised in
haendling the alloys at room temperature. Even though they cen be ma-
chined, they have little resistance to shock loazds and stress concentra-
tions. The success of the Climax Molybdenum Company in their effortis to
reduce these drawvbacks to thse alloys should be an encouragement to further
development of the alloys.

t present, the lO-percent-molybdenum chromium-base alloys are noi
particularly promising for gas-turbine service. Thelr rupture sirengths
are no better than some of the cobalt-base 3lloys which are mmch easier
to produce.

The data on the effect of carbon and silicon on the 60Cr-25Fe~l5Mo
alloys suggest that the properties of these alluys in geueral may be
subJject to modlficaetion and improvement by the addition of other elements.
In the alloys studied, the indications are that the best properties at
1350° F are obtained with carbon contents of the order of 0.02 percent
and sillcon contents of 0.7 percent. Alloys with carbon contente of 0.10
percent, with or without high silicon, are not guite so good but dbetter
then low-carbon, low-silicon alloys. Unforitunalely, no data are availae-
ble regarding the effect of such composition modificacions on the room-
temperature characteristics. No data have been obtained to indicate what
the effect of carbon and silicon modlfications might be on the properties
of the 20-percent-molybdenum alloys.

All the alloys considered were subJect to strong precipitation reac-
tions. This cannot be atiributed to the formation of carbides. The
change in hardness of 60Cr~25Fe-15Mo alloys was nearly equal Ffor 0.0l-
and 0.l0-perceut-carbon heats. The nitrogen content of these alloys was
very low initlally. The precipitating constituent ie therefore an inter-
metellic compound.. In thelr intensive study of the alloys the Climax
Molybdenum Company were not able to identify the compound. They concluded
(see references 1 and 2) that it did not have either a cubic or a hexagonal
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structure and therefore was not hexégonal FemlMoz or FeMo, but might bes an

iron-chromium compound. The increasing amount of precipitaticn after
rupture testing in the semples with increasing molybdenum content indi-
cates that the compound is related to molybdenum in some memmer. The
emount of precipitate in the 15-vercent-molybdenum alloys also appeared
to increase with iron content.

The metallurgy of these alloys is not well understood. It appears
certain, however, that the high strength at 1350° F is due primarily to
the precipitation characteristics. The matrix materrial may be stronger
then in other alloys, although the data on low-molybdenum slloys do not
beer this out. This precipitation develcps high hardness after exposure
at 1350° F and extreme brittleness at room tempereture. The cause for
the initial brittleness of as—cagt specimens at room tempsrature is not
clear because the microstructure does not indicate the precipitation re—
action to be the cause. It may bs related to a similar, but less severe,
phenomenon encountered in scme iron~chromium alloys.

The retention of most of the strength in the one alloy tested after
aging for 90 hours at 1600° F indicates that the strengthening effect
from the precipitation reaction would be stable at 1330° ¥, This is
verified by the curves of stress against rupture time. The slope of the
curves 1s not very steep, whereas unstaeble materisls usually have a steep
slope. In fact, the curves, as shown by figure 2, are parallel to those
for the cast cobalt~base alloy. .

CORCLUSICHS

The very high strength exhibited by ths 55Cr—25Fe-2CMo and E0Cr—
25Fe—15Mo alloys in rupturs tests at 1350° F indicates that the chrcmium-
base alloys are potentielly among the most promising known for bucket
service in gas turblnes. These a8lloys both had rupture strengths con—
siderably above those of any previously known slloy with adequate ductil—
ity at l350° F. A strong precipitation rsaction cccurs at l350° ¥ which
is stable at 1350° F and is probably responsible for the high strength.

The chromium-base alloys have several limitations at their present
state of development. The most serious ars:

1. Very low shock resistance and sensitivity to stress concentra—
tions at room temperature. This is incressed by the precipi—
tation reaction during rupture testing.

2. The alloys must be melted and cast under high vacuum in order to
aevoid the detrimental effects of oxygen and nitrogen. For
this reason thelr production is littls more than & laborstory
art at the present time.
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In the development of the alloys, & great deal of-progress was made
in reducing these shortcomings. The last alloys made were fer superior
to the early alloys in room-temperaiure properties. Equipment and tech-
niques have been developed which can be used to produce turbine buckets.
There seems to be every reason to expect that a great deal of further
improvement would be possible. . -

At the present time the alloy most promlsing for service ut 13500 F
appears to be a 60Cr-25F¢~15Mo alloy with less than 0.05 percent carbon
and 0.5 to 0.7 percent sillicon. This alloy has the best combinatica of
gtrength at 1350° F and engineering properties at room temperature. It
can be machined and processed in the chill-cast condition, with csre, in
the normal manner. Higher strengths can be obtained fron alloys with
higher molybdenum contents, but at the presert iime thelr inferlor proper-
ties at room temperature offset thelir higher strength.

University of Michigan,
Ann Arbor, Mich., Auguet 19, 1946.
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TABLE I

RUPTURE TEST RESOULTS AT 1350° F ON CHROMIUN-BASE ALLOYS
Rupture tast results
Chemical anal Time for Reduction |Vickers hardness
Specimen ° analysis Stress rupture | Elongation| of area .| after
| _number c 81 Cr Fe L_IO | __Condition | (pgi) r) (percent) | (percent) lorieinal| testing
608 0.03] 0.14| 61.96| 29.14 8.73 AB cast 50,000 38 40 35 402 434
530-1 04| .03| 59.14 | 30.97 | 9.82 As cast 50,000 39 48 A4 420 A74
530-2 (not tested)
678-1 .03 219 ] 65.49 | 24.62 | 9.67 As cast 50,000 113 13 13 408 i34
€78-2 45,000 191 19.5 17 462
534-1 .02 211 49.26] 35.93 | 14.68 A3 cast 50,000 270.5 10 13.5 395 470
534-2 55,000 &0 16 23 660
522 05| 17| 5B8.60 | 25.71 | 15.47 As cast 45,000 | bverheated and broke at 450 hr)@[ 450 |-——wm--
612-2 .01 .13 | 58,86 | 25.11 | 15.89 As cast 50,000 484 9 9 432 628
655-1 .02 .19 | 59.80 | 25.23 [ 1L4.76 As cast; 50,000 530 19 17 428 604
655-2HT 90 hr at 1600° F| 50,000 A4 10 12 580
655-3HT 50 hr at 1800° F| 50,000 | (broke in threads during leading)}({ = = |[--———m-
657-1 .08 .19 | 60.70 | 24.22 | 14.81 As cast 55,000 347 [ 11 | 11 410 592
657-2HT 90 hr at 1600° F| 55,000 | (broke in threads during loading)}] =  [—--—-aw
554=2 | .04 | .57 | 59.43 ] 24-96 {15.00 As cast 50,000 | 1414 8 | 6.2 663
554~30T Aged 55,000 groke in threads during loading) S S
679-1 L0211 70| 60.44 | 24.21 | 14,63 As cast 63,800 i (broke 1n threads at 182 hr)a 442 | emm——e
679-2 ' 55,000 | 611 5 6 677
679-3 : 70,000 76 4 6 642
634-1 .10 | .70 59.09 | 24.55 | 15.56 As cast 50,000 985 5 5 466 670
634-2HT 90 hr at 1600°F| 50,000 [{broke in threads at 464 hr)®2 | = |-eemem-
537-1 03| .06 54.56 1 24.83 | 20.52 As cast 50,000 |(broke in threads at 2040 hr)@ 458 748
537-2 60,000 468 I 6 ! 5 716

ADuctility of specimens which overheated or broke in threads:

Reduction
Elongation| of area
Specimen | (percent) | (percent)
522 9 9
679-1 5 10
534-2HT 4 4
37-1 3 2.5

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE II

ROPTURE PROPERTIES AT 1350° F OF CAST CHROMIUM-BASE ALLOYS
AND COMPARATIVE PROPERTIES OF 422-19 ALLOY

Stress for rupture in

Estimated elongation

indicated time perlods 5231) to rupture (percent) _
Alloy C 81 17100-hour | 500-hour|1000-hour | 100-hour | 500-hour]1000-hour

60Cr-30Fe~10Mo 0.03 | 0.14 0008 - [+ T [ P——

.04 .03 #39 4
65Cr-25Fe-10M0 .03 ] .19 51,000 | 36,5008|-———-nr—- 13 198 |-
50CT-35Fe-15Mo .02 .11 53,000 48,000 |--muvwumm- 16 10 j----—-—
60Cr-25Fe-15Mo 01 13 |ememeeee 50,0002| ----- ——— 9 |

.02 019 ‘‘‘‘‘‘‘‘ 50’5008 '—_"—""’“' ---------- 19 “““““““““

-08 019 —————— 52, 5003 _________________ 10 *********

.04 | .57% 68,000 | 56,500 | 52,000 4 5 5

.02 .70

010 070 - —— - 50,0003’ - 5
55Cr~25Fe—20Mo 03] .06 | 73,0008 | 59,500 | 54,500 |-——mwe-mm 6 5
22-19P 40 |- .51 | 47,000 | 39,500 | 36,000 30 15 10
25Cr-15Ni-52Co-6Mo)

8mstimated from incomplete data,

bsee reference 3.
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100X (a) 1000X
Original microstructure of heat 530: 0.04C, 0.0381 - As cast.

Fracture - 100X (b) Interior - 1000X
Rupture specimen 530~-1: 39 hours for rupture at 1350° F
under 50,000 psi.

FICURE 5.~ MICROSTRUCTURES OF 60Cr-30Fe-10Mo ALLOY.
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100X (a)
Original microstructure of heat 678: 0.03C, 0.1981 - As cast.

e
TNA L [ TR . ; - p— i
Fracture - 100X  (p) Interior - 1000X

Rupture specimen 678-2: 191 hours for rupture at 1350° F
under 45,000 psi.

FICURE 6.- MICROSTRUCTURES OF 65Cr-25Fe-10Mo ALLOY.
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100X 1000X
original microstructure of heat 534: 0.02C, 0.1181 - As cast
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Rupture specimen 534~-1:

under 50,000 psi.
FIGURE 7.- MICROSTRUCTURES OF 50Cr-35Fe-15M0 ALLOY.
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100X 1000X
Original microstructure of heat 679: 0.02C, 0.7081 - As cast

Aerowsied W
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IR Y-

Fracture - 100X Interior - 1000X

Rupture specimen 679-2: 611 hours for rupture at 1350° F
under 55,000 psi.

Figure 8.- MIOROSTRUCTURES OF 60Cr-25Fe-15Mo ALLOYS,
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Fracture - 100X  (¢) Interior - 1000X

0.02C, 0.1981 - As cast: 530 hours
for rupture at 1350° F under 50,000 psi.
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Rupture specimen 655-1:

’ Fracture - 100X (a) Interior - 1000X
Rupture specimen 655-24T: 0.02C, 0.1951 - Cast + 90 Hhours at
1600° F: 434 hours for rupture £t 1350° F under 50,000 psi.
Figure 8.- Continued.



) NACA TN No. 1314

Fracture - 100X (e) Interior - 1000X

Rupture speclmen 657-1: 0.08C, 0.1951 - As cast:
3,47 hours for rupture at 135 55,000 psi.

t«’-: Gk,
Sty P 4{'- '.‘.
. At AN
Fracture - 100X (£) Interior - 1000X
Rupture speclmen 555,-2: 0.04C, 0.5781 - As cast:

1414 hours for rupture at 1350° F under 50,000 psi.
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Figure 8.~ Oontinued.



NACOA TN No. 1314 . Fig. 8g

Fracture - 100X Interior - 1000X

Rupture specimen 634-1: 0.10C, 0.7081 - As Cast: 985 hours
for rupture at 1350° F under 50,000 psi.

Figure 8.-~ Concluded.



NACA TN No. 1314

100X (a) 1000X
£ heat 537: 0.03C, 0.0681 - As cast.

Original microstructure o
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(b) Interior - 1000X
o° F

Fracture - 100X

Rupture specimen 537-2: 468 hours for rupture at 135
under 60,000 psi.
-20Mo ALLOY.

FIGURE 9.- MICROSTRUCTURES OF 55Cr-25Fe



